INTRODUCTION
Fractal structures on solid substrates affect certain physical phenomena. Onda et al. proposed that fractal surfaces are super-water-repellent when the surfaces were composed of hydrophobic materials, and they subsequently prepared a super-water-repellent fractal surface made of alkylketene dimer AKD 1 . We prepared agar gels with hierarchically rough surfaces, called fractal agar gel, by transferring fractal surface structures of AKD as a model of hydrophilic biological surfaces such as tongue and smallintestine wall surfaces and showed that the rough structure accelerated the spreading of water droplets. Numerous other fractal surfaces, such as human skin, exist in our body. Actually, human skin can be expected to be hieralchical because some crista cutis enclosed by deeper sulcus cutis form area cutanea 5 . These hierarchical rough structures change the physical properties of human skin, i.e., its wettability and friction properties 6 8 . However, fractal surfaces consistng of AKD and agar gel are not suitable as a skin model because they are too hydrophobic or hydrophilic and fragile: the contact angle of water droplet on human skin and elastic modulus of epidermics are about 90 and 0.72 MPa, respectively 9, 10 . In the present study, we prepared urethane resin and silicone resin elastomers with fractal surfaces as a new human skin model. The fractal surface was molded to a crystal of AKD. In addition, the wetting and friction phenomena on these surfaces were evaluated using a contact-angle apparatus with a highspeed camera and also using a friction evaluation system.
EXPERIMENTAL PROCEDURES
2.1 Materials AKD was supplied by Arakawa Chemical Industries Osaka, Japan and was used after recrystallization in nhexane. Raw materials of plaster Sanjyo, Sapporo, Japan , urethane resin P-30A, P-30B, Unique Co., Chiba, Japan and silicone resin KE-1606, CAT-RG, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan were used without further purification.
Preparation
The templates of the fractal surfaces were prepared by the solidification of molten AKD. The AKD was placed on a Petri dish 86 and 12 mm in diameter and depth, respectively and heated at 333 K on an electric hot plate. After the AKD melted, the Petri dish was cooled to room temperature on a lab bench. The solidified AKD remained at room temperature for several days, which induced bloom-ing. After the contact angle of a water droplet reached 150 , a plaster replica was prepared using the AKD surface as a mold. We poured approximately 65 mL of a mixture of the raw materials of urethane resin P-30A:P-30B, 1:1, wt./wt. into Petri dishes with a diameter of 9 cm. The plaster replica was then immediately placed at the center of the Petri dish to transfer the fractal structure to the urethane resin surface. The fractal silicone was prepared using a similar method. The composition of the raw material was KE-1606:CAT-RG, 10:1, wt.wt.
Measurements
The cross-sectional fractal dimension D was determined for each prepared sample. The cross sections of elastomers were observed using a SU8010 scanning electron microscope Hitachi, Ltd., Tokyo, Japan . The contact angles of liquids on elastomer surfaces were estimated using a DM-501 contact-angle meter Kyowa Interface Science, Tokyo, Japan based on a sessile-drop measuring method with a water-drop volume of 0.5 μL. The water purified using a water deionizing unit DX-15, Kurita Water Industries, Tokyo, Japan was used for contact-angle measurements. Friction measurements were performed using a friction evaluation meter Tribo Master TL201Ts, Trinity Lab Inc., Tokyo, Japan . The meter s specifications were as follows: measurement range 0.098-19.6 N, vertical load 0.098-4.9 N, sliding velocity 0.1-100 mm s 1 , measurement distance 1-100 mm, driving motor AC servomotor. We evaluated the frictional force when the obtained elastomer, with a thickness of ca. 1 cm, was rubbed with a stainless spherical ball with a diameter of 5 mm. The friction conditions were as follows: width of sliding 30 mm, sliding velocity 100 mm s 1 , vertical force 0.98 N, sampling velocity 1 ms.
RESULTS AND DISCUSSION
3.1 Characterization of fractal elastomers. Figure 1 shows microscopic images of a fractal urethane surfaces. Numerous projections with sizes on the scale of several tens of micrometers were observed. We found a hierarchy of small projections that existed over larger ones on the surface. The microscopic images imply that the surface morphology of the AKD crystals was roughly transferred onto the urethane surfaces. We observed crosssec- Figure 2 shows typical SEM images of cross sections of the fractal urethane and silicone at different magnifications. Trace curves of the solid surfaces were drawn from the crosssectional SEM images and are shown in these figures. The box size r was changed from 10 nm to 1 cm. Figure 3 shows the plot of log N r versus log r for the fractal urethane and silicone surfaces. The slopes of the straight lines indicate the fractal dimensions of the surface structures. We show the slopes d log N /d log r for the fractal surfaces as insets in Fig. 3 . We analyzed the data ca. 150 points over 3 decades in size using 31 SEM images at different magnifications. The insets are obtained by the smoothing using 8 neighboring points. Discrete changes in the slope were observed in the fractal surfaces. Below ca. 900 or 800 nm and above ca. 100 μm, the slopes were constant ca. -1 ; however, in the intermediate regions, the slopes were obviously less than -1. Because the discreteness is relatively greater than data scattering and because the width of the scale ranges were ca. 2 decades, this discretenesses were concluded to be a significant difference. The evaluation of the slopes based on the least-mean-square method showed that the slope is -1.1 between the two critical sizes. Therefore, the cross section of the surface is a fractal with the dimension D cross 1.1, and self-similarity is found to hold between 800 nm and ca. 100 μm. The fractal dimension of the surfaces, D, was thus evaluated to be 2.1 which was smaller than that of AKD D 2.3 1 . We speculate that the decrease of D from that of AKD surface was caused by the low fluidity of raw materials of urethane and silicone elastomers.
3.2 Wettability and frictional properties of fractal elastomers. The water repellency of the elastomer materials as a function of the fractal rough structure was investigated. At 1 s after contact with fractal urethane and silicone surfaces, the contact angles of water droplets were 105 and 127 , respectively. These angles were 8 and 12 greater than those on flat urethane and silicone surfaces, respectively. The mechanism of change for the contact angle can be discussed based on the Wenzel model 11 , which states that the contact angle is cos θ R rcos θ F , where θ R , θ F , and r are the contact angles on rough and flat surfaces and the surfacearea magnification factor, respectively. These obtained contact angles predict that the surface area of elastomers is both 2.1 and 1.4 times larger than that of flat ones, respectively. This means that the surface area of silicone surface was smaller because of the low transcription efficacy. The fractal structure also affects the lubrication and abrasion resistance of elastomer surfaces. When the fractal urethane surface was rubbed by a spherical contact probe with a vertical force of 100 g and a sliding velocity of 100 mm s 1 , the frictional coefficient was 1.1, which was 56 less than that of a flat urethane surface. In the case of fractal silicone surfaces, the frictional coefficient was 0.6, which was 45 less. The line defects induced during the sliding processes were minimal on the fractal urethane and silicone elastomers, whereas they were obvious on flat surfaces. Based on the adhesion model, the friction coefficients μ on a solid surface is σ A W , where σ, A, and W are the adhesion force, which is the required force for disconnection of adhesions between solid surfaces per unit area, the contact area, and the vertical force, respectively 12 . The rough structure on fractal urethane and silicone surfaces decreases the area A and the coefficient μ, since σ on a fractal surface is similar with that on a flat surface.
CONCLUSION
In this study, we prepared urethane and silicone elastomers with fractal surfaces and investigated the relationship between water repellency, lubrication, and the hierarchical rough structure. These materials can be useful for tactile sensing systems and biomimetic medical products.
